A B S T R A C T Potassium is known to enhance the aldosterone-stimulating action of angiotensin II. Such a synergistic interaction of potassium with angiotensin II could represent an action by angiotensin II to potentiate potassium as a stimulus. To examine for this effect of angiotensin II on potassium, plasma aldosterone levels were measured before and after an infusion of potassium chloride (15 meq i.v.) into dogs without and with prevention of angiotensin II formation by captopril, an angiotensin converting-enzyme inhibitor. In addition, responses to potassium were measured in a group of dogs receiving angiotensin II plus captopril. After potassium infusion, control dogs showed an increase of 7.7±1.9 (SEM) ng/dl (P < 0.001) in the level of plasma aldosterone. In contrast, captopril-treated dogs showed no change in plasma aldosterone concentration in response to potassium. When angiotensin II was administered to captopril-treated dogs responsiveness to potassium administration was restored (plasma aldosterone concentration increased by 7.4±2.1 ng/dl, P < 0.002). ACTH stimulated aldosterone secretion despite captopril treatment (P < 0.001), however, ACTH produced a greater increase in the plasma aldosterone concentration in controls than in captopriltreated animals. It is evident from these results that stimulation of aldosterone secretion by potassium is considerably enhanced by angiotensin II. There appears to exist an important interdependence of these stimuli in the regulation of aldosterone secretion.
INTRODUCTION
Potassium is a potent stimulus of aldosterone secretion. Supplementation of diets with potassium increases aldosterone secretion (1) (2) (3) (4) (5) 
as does infusion of potassium
This work was presented at the National Meeting of The American Federation for Clinical Research, Washington, DC, 8 May 1982. Received for publication 21 December 1981 and in revised form 23 March 1982. into the adrenal artery of the dog (6) and of the sheep (7) . Small increases in plasma potassium concentration produce immediate and significant increases in plasma aldosterone levels (8) . In addition to apparent direct adrenal effects, potassium contributes to the control of aldosterone secretion by potentiating the actions of other stimulatory factors. Sodium depletion increases aldosterone secretion to a greater extent when subjects are potassium replete than when potassium deplete (2, 4, 9) . Both in vivo and in vitro, potassium augments stimulation by angiotensin II and by ACTH (10) (11) (12) . To what extent, if any, this synergism of potassium with other stimuli represents enhancement of potassium's stimulatory capacity by the other stimuli is unknown.
The present study examined for a dependency of potassium as a stimulus on angiotensin II, the major regulator of aldosterone secretion (13) . Potassium was infused intravenously into dogs and the aldosterone stimulatory response was measured under conditions where angiotensin II was present, and again during prevention of angiotensin II formation by treatment with captopril, an angiotensin converting-enzyme inhibitor. It was found that under these conditions angiotension II must be present for potassium to stimulate aldosterone secretion.
METHODS
Conditioned female dogs weighing [19] [20] [21] [22] [23] [24] [25] [26] kg were maintained on an ad lib. intake of lams Chunks (Iams Food Co., Lewisburg, OH). For the purpose of suppressing ACTH secretion, all dogs studied were given dexamethasone phosphate 2 mg the afternoon before and between 0700 and 0800 h on the morning of the study. With the dogs in a restraining canvas sling, indwelling catheters were placed in the external jugular vein to permit blood sampling and in leg veins to permit continuous infusion. Experiments were begun after an equilibration period of 60 min.
Responses to administered potassium were compared between three different groups: (a) control, (b) captopriltreated, and (c) captopril plus angiotensin II-treated. Captopril (E. R. Squibb and Sons, Inc., Princeton, NJ) was given as an initial 5-mg i.v. bolus injection, and then was infused at a rate of 20 pg/kg per min. Angiotensin II (Ciba-Geigy Corp., Summit, NJ) was infused at a rate of 5 ng/kg per min. These infusions were started 60 min before administration of potassium and were continued for the duration of the study period. Potassium chloride (0.52 meq/ml of normal saline) was infused at a rate of 1 meq/min for 15 min. Blood samples were drawn at -60, -30, -15, -5, and 0 min before potassium infusion, and 5, 10, 15, 30, 45 The plasma aldosterone concentration was measured by radioimmunoassay (14) , plasma 11-hydroxycorticosteroids by the competitive protein binding method of Murphy (15) , and plasma renin activity (PRA)l by the method of Haber et al. (16) . The plasma potassium concentration was measured using the ion selective electrode procedure of the Astra-8 by Beckman Instrument Co.
Statistical analysis of responses to treatment was carried out by one-and two-tailed repeated measures analysis of variance (17) . When appropriate, the Student's t test for nonpaired observations was used to assess for differences between group means.
RESULTS
Base-line values for plasma concentrations of sodium and potassium in experimental groups were not significantly different from controls (Table I ). The basal plasma aldosterone concentration was lower in captopril-treated dogs, however, this value was significantly lower only in comparison to dogs treated with captopril and angiotensin II. In all groups plasma concentrations of 11-hydroxycorticosteroids were at or below the detection limit of the assay of 2.5 ,ug/dl, and potassium administration was not associated with any increase above this level.
Effects of treatment of PRA ( Fig. 1 ). Captopril treatment increased PRA in every case, indicating that captopril inhibited generation of angiotensin II (18) . Infusion of angiotensin II (plus captopril) suppressed PRA in all dogs, and thus the infusion rate was sufficient to inhibit release of renin (19) . Potassium administration had no effect on PRA in either control or experimental dogs.
Effects of infusion of KCI. An infusion of 15 meq potassium produced increases in plasma potassium concentrations of 1.9±0.4 (SEM) in control dogs, 1.4±0.1 in captopril-treated dogs, and 1.5±0.2 meq/ I Abbreviation used in this paper: PRA, plasma renin activity. FIGURE 2 Changes in the plasma concentration of potassium and aldosterone in response to potassium chloride administered to control dogs, n = 6 (@); captopril-treated dogs, n = 6 (-----); and captopril plus angiotensin II-treated dogs, n = 6 (0). Plasma potassium concentration increased in all groups (P < 0.001) with no significant difference in responses between groups. Administered potassium produced an increase in plasma aldosterone concentration in control dogs (P < 0.001), but had no significant effect on the aldosterone level in captopril-treated dogs. When angiotensin II was given with captopril, the response to potassium was restored: the plasma aldosterone concentration increased to a level similar to that of control dogs, however, levels remained elevated in contrast to control dogs. increase in plasma aldosterone concentration of 7.4±2.1 ng/dl (P < 0.001) that was similar to that observed in control dogs.
The increase in plasma aldosterone concentration in angiotensin II plus captopril-treated dogs was sustained while the response in control dogs declined after 30 min. The more prolonged response may have reflected stimulation by the infused angiotensin II. To examine for such an effect by angiotensin II, plasma aldosterone measurements were made over the same time period in a group of dogs receiving angiotensin II plus captopril, but no potassium. As shown in Table  II , the plasma aldosterone level increased slightly with time despite the fact that potassium was not administered. However, a significantly greater increase in plasma aldosterone concentration occurred in dogs who also received potassium.
To better determine the threshold level of aldosterone secretory responsiveness to potassium, a lower dose of potassium, 10 meq, was infused over 15 min into control dogs (Fig. 3) . Plasma levels of potassium increased by 0.9±0.1 meq/liter, and aldosterone increased from 5.9±1.0 to 10.3±1.9 ng/dl (P < 0.02).
Effects of administered ACTH (Fig. 4) . ACTH increased plasma aldosterone concentration in control and in captopril-treated dogs (P < 0.001). The magnitude of increase, however, was greater in the control group as compared to dogs receiving captopril (P < 0.05). Potassium and angiotensin II have common features as stimuli of aldosterone production. They appear to have identical requirements for calcium (20) (21) (22) , and both affect early and late steps in aldosterone biosynthesis (23) . Neither potassium nor angiotensin II conveys its action by generation of cyclic AMP (24-27), 15 meq in the aforementioned studies, produced significant increases in plasma potassium concentration (P < 0.01) and plasma aldosterone concentration (P < 0.02).
DISCUSSION
in contrast to other stimuli of steroidogenesis such as ACTH and LH (28, 29) . These similarities in stimulatory actions suggest that potassium and angiotensin II act in tandem to affect aldosterone secretion. It has been suggested that potassium's sole influence is to modulate the stimulatory potential of angiotensin II (12) can influence aldosterone production. However, it should be noted that in the anephric patient plasma aldosterone levels are extremely low (33) , indicating that potassium appears to have little overall effect on aldosterone production. The increment in potassium concentration during potassium infusion was less in captopril-treated dogs than in controls (1.4±0.1 vs. 1.9±0.1 meq/liter); a difference thar was not, however, significant. Captopril, through its effect on eliminating angiotensin II formation, may have retarded the expected rise in plasma potassium concentration after potassium infusion. This is consistent with the demonstration by Healy et al. (34) that angiotensin II administered to the rabbit and to humans causes plasma potassium levels to increase. An effect of captopril to curtail potassium as a stimulus by preventing potassium levels to increase sufficiently was considered in the present study. It was determined in an additional group of control dogs that an infusion of 10 instead of 15 meq potassium stimulated aldosterone production despite a rise in plasma potassium concentration of <1 meq/liter. From this it would appear that captopril did not inhibit responsiveness to potassium by affecting plasma levels of potassium.
The intracellular potassium concentration of glomerulosa cells appears in some studies (30, 35, 36) , although not all (37, 38) , to be important for normal responsiveness to stimuli of aldosterone secretion. One could hypothesize that for potassium to stimulate aldosterone secretion, intracellular potassium concentration must increase. An action of angiotensin II to permit potassium to enter glomerulosa cells and thereby 20- ); and in captopril-treated dogs, n = 6 (---). ACTH stimulated aldosterone secretion in both groups (P < 0.001), however, responsiveness to ACTH was less in captopril-treated than control dogs (P < 0.05).
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increase intracellular potassium concentration could explain the observed permissive action of angiotensin II. In this regard, Baumber et al. (39) showed in the dog that angiotensin II as well as other stimuli of aldosterone secretion caused adrenal cortical potassium content to increase. However, Szalay (40) showed that angiotensin II reduced intracellular potassium concentration of rat glomerulosa cells. Also, angiotensin II was found to have no effect on monovalent cation transport in adrenal glomerulosa tissue from the dog (36) . Thus, most evidence would indicate that angiotensin II does not promote potassium as a stimulus by affecting entry of potassium into glomerulosa cells, and thus such a mechanism would not explain findings in the present study.
The present observations, although derived from studies carried out acutely, may have relevance to certain chronic states of angiotensin II deficiency. In hyporeninemic-hypoaldosteronism, the subnormal rate of aldosterone secretion is considered to result from impaired secretion of renin resulting in low levels of angiotensin II (41) . Hyperkalemia ensues from the hypoaldosteronism and there is little or no apparent effect of the high potassium concentration to restore aldosterone secretion to normal. A similar situation of high potassium levels and low aldosterone production frequently exists in the anephric patient (42), although, as has been mentioned, the plasma aldosterone concentration tends to correlate proportionately with the concentration of potassium (32) . Findings in the present study would suggest that the insensitivity to potassium in hyporeninemic-hypoaldosteronism patients and in anephric patients may well result from a deficiency of angiotensin II. Patients with primary aldosteronism characteristically have suppression of the renin-angiotensin system (43) . These patients would also be expected to show unresponsiveness to potassium should angiotensin II be required for potassium to stimulate aldosterone secretion. An absolute inability of potassium to stimulate in such patients was discounted in studies by Cannon et al. (2) who showed that an increase in dietary potassium produced an increase in aldosterone production in three patients. However, Ganguly et al. (44) showed in seven patients with primary aldosteronism that infusion of potassium, which raised the plasma potassium concentration by 0.4 to 0.6 meq/liter, failed to increase plasma aldosterone levels, whereas in normal subjects these increments in potassium would result in an increase in aldosterone levels. Thus, in primary aldosteronism where there are low amounts of angiotensin II in plasma there may be considerably less sensitivity to potassium.
In summary, evidence is presented for an appreciable dependence of potassium on angiotensin II in the regulation of aldosterone secretion. Much remains to be learned as to how steroidogenesis is affected by these stimuli, but it would appear that potassium and angiotensin II may be more critically interdependent than previously recognized.
